Clathrin has established roles in endocytosis, with clathrin-cages enclosing membrane infoldings, followed by rapid disassembly and reuse of monomers. However, in neurons, clathrin synthesized in cell-bodies is conveyed into axons and synapses via slow axonal transport; as shown by classic pulsechase radiolabeling. What is the cargo-structure, and mechanisms underlying transport and presynaptic-targeting of clathrin? What is the precise organization at synapses? Combining liveimaging, mass-spectrometry (MS), Apex-labeled EM-tomography and super-resolution, we found that unlike dendrites where clathrin transiently assembles/disassembles as expected, axons contain stable 'transport-packets' that move intermittently with an anterograde bias; with actin/myosin-VI as putative tethers. Transport-packets are unrelated to endocytosis, and the overall kinetics generate a slow biased flow of axonal clathrin. Synapses have integer-numbers of clathrin-packets circumferentially abutting the synaptic-vesicle cluster, advocating a model where delivery of clathrin-packets by slow axonal transport generates a radial organization of clathrin at synapses. Our experiments reveal novel trafficking mechanisms, and an unexpected nanoscale organization of synaptic clathrin.
INTRODUCTION
The cytosolic protein clathrin is an established player in receptor-mediated endocytosis. During this process, soluble clathrin is recruited to the plasma membrane, forming clathrin-coated pits and coated vesicles. After internalization of coated vesicles, the clathrin coat is rapidly removed by uncoating proteins like auxilin and heat shock protein 70 (Hsc70), and the released clathrin-monomers are reused for subsequent rounds of endocytosis. This 'clathrin-coated vesicle cycle' has been studied for over forty years, and a host of adapters and regulators are known to be involved. Clathrin also plays roles in sorting of intracellular membranes, although this is less studied (Jung and Haucke, 2007; McMahon and Boucrot, 2011; Traub and Bonifacino, 2013) .
In neurons, clathrin synthesized in cell-bodies is transported into axons, enriching at presynapses. Previous pulse-chase radiolabeling studies in vivo have established that clathrin is conveyed in slow axonal transport (Black et al., 1991; de Waegh and Brady, 1989; Elluru et al., 1995; Garner and Lasek, 1981; Gower and Tytell, 1987) . Slow transport is a mysterious rate-class carrying cytosolic (or 'soluble') proteins to the axontips and presynaptic terminals over days to months in vivo, unlike fast vesicular cargoes that are rapidly transported in minutes to hours; reviewed in (Maday et al., 2014; Roy, 2014) . Although radiolabeling studies have established that clathrin is conveyed in slow axonal transport, the methods used could only infer overall movement by determining the changing radioactivity-pattern in axons over time, and many questions remain. How can clathrin undergo organized slow axonal transport, given the ephemeral nature of cytoplasmic clathrinassemblies? Indeed, previous studies in cultured hippocampal neurons showed rapid on/off behavior of GFPtagged clathrin puncta in dendrites, lasting only for seconds (Blanpied et al., 2002) . What does the axonal cargostructure of clathrin look like? What are the underlying mechanisms conveying clathrin in slow transport? How is clathrin targeted to presynapses and retained there? What is the nanoscale organization of clathrin at synapses? The precise function of clathrin at presynapses is also unclear (Chanaday et al., 2019; Chanaday and Kavalali, 2018; Royle and Lagnado, 2010) . Although cytosolic slow axonal transport remains enigmatic, recent studies from us and others using cultured neurons as a model-system -to visualize and manipulate slow transport -have begun to offer some answers Ganguly et al., 2017; Scott et al., 2011; Tang et al., 2013; Twelvetrees et al., 2016) . Here we explored mechanisms underlying clathrin transport using a multifaceted approach involving live imaging, super-resolution, 3D EM and proteomics. Our experiments reveal previously unknown long-lasting axonal clathrin assemblies in axons that are unrelated to endocytosis and seem specialized for cargo-delivery to synapses. Collectively, the data uncover mechanistic details underlying the slow axonal transport and presynaptic targeting of clathrin -that has been unclear for decades -and reveal a novel nanoscale organization in axons and synapses. Figure 1A shows the distribution of endogenous clathrin in cultured hippocampal neurons. Though the overall appearance of clathrin-puncta seemed similar in somatodendritic and axonal compartments by immunostaining, their dynamics were different. To visualize clathrin in living neurons, we used GFP (or mCherry) tagged to the clathrin light chain (CLC) -a structurally and functionally active fusion protein (Gaidarov et al., 1999) that has been used in many other studies (Blanpied et al., 2002; Pelassa et al., 2014; Zhao and Keen, 2008) . As reported previously (Blanpied et al., 2002) , GFP:CLC showed largely on/off dynamics in dendrites, likely reflecting transient clathrin recruitment to coated-pits/vesicles (kymograph in Fig. 1B , also see Supp. Movie 1). Interestingly however, axonal GFP:CLC particles were more long-lasting, and a significant fraction (~ 40%) were motile; moving with an overall bias towards the axon-tip (representative kymograph and quantification in Fig.  1C -E, also see Supp. Movie 2). Two-color live imaging of GFP:CLC and synaptophysin:mRFP revealed clear instances where clathrin particles were transported independently of synaptophysin (Supp. Fig. 1) . To distinguish the moving axonal clathrin structures from dendritic clathrin-coated pits and other coated vesicles that may be involved in endocytosis, here we refer to them as 'clathrin transport-packets'.
RESULTS

Dynamic clathrin transport-packets mediate slow axonal transport
Figure 1: Differential dynamics of clathrin in dendrites and axons.
(A) Clathrin and MAP2 immunostaining in cultured hippocampal neurons. Note punctate clathrin distribution in both somatodendritic and axonal compartments. (B) Kymograph of GFP:CLC dynamics in a dendrite. Note abrupt appearance and disappearance of fluorescence (some marked by red arrowheads), indicating assembly/disassembly of clathrin in coated-pits (receptor mediated endocytosis). (C) Kymograph of GFP:CLC dynamics in an axon. Note rapid, infrequent, and anterogradely-biased movement of clathrin particles (some marked by red arrows). (D) Mean lifetimes of GFP:CLC particles -as determined from kymographs -were significantly higher in axons, while 'blinking events' -representing clathrin assembly/disassembly and receptor mediated endocytosis is much lower in axons, compared to dendrites (1113 particles from 22 dendrites and 403 particles from 41 axons were analyzed; data was pooled from 3 independent experiments; ***p<0.0001) (E) About 40% of the axonal GFP:CLC particles were mobile, with a larger fraction of particles moving anterogradely. Note that the velocity of particles is consistent with motor-driven cargoes (460 anterograde and 263 retrograde events were analyzed from 41 axons; data was combined from 3 independent experiments).
Previously, we developed an assay to visualize the anterogradely-biased transport of cytosolic cargoes moving in slow transport -called the "intensity-center shift" assay Scott et al., 2011) . Here, cultured neurons are transfected with photoactivatable GFP (PAGFP) tagged to the cytosolic protein of interest, and a discrete axonal population of tagged cytosolic-proteins -typically within ~ 30µm of axon-length -is photoactivated with 405nm light (schematic in Fig. 2A ). Thereafter, a line is drawn along the longitudinal axis of the photoactivated zone, and the intensity-center (or centroid) of fluorescence is monitored over time. While untagged PAGFP rapidly diffuses without any intensity-center shift, cytosolic proteins disperse with a slow anterogradely-biased shift; consistent with slow transport Ganguly et al., 2017; Scott et al., 2011; Tang et al., 2012; Tang et al., 2013; Twelvetrees et al., 2016) . An exemplary kymograph from these experiments is shown in Figure 2B , along with the ensuing raw and ensemble data from these experiments ( Fig.  2C-D) . Note that PAGFP:CLC, but not untagged PAGFP, has an overall anterograde bias with a predicted average rate of ~ 0.006 µm/s or ~ 0.5 cm/day, consistent with the overall rates of slow transport in radiolabeling studies . To further confirm that the biased transit was due to kinetics of axonal clathrin particles -and also to verify the results using a complementary assay -we first visualized green Dendra2:GFP:CLC puncta in axons and then photoconverted them to red ( Fig. 2E, top) . Intensitycenter analysis of the red fluorescence also showed an anterograde bias ( Fig.  2E, bottom) . Collectively, the data indicate that the intermittent movement of axonal clathrin transportpackets generates an overall anterograde bias of the clathrin population, at rates consistent with slow axonal transport. 
Dynamics of axonal clathrin transport-packets is independent of endocytosis
The persistence and biased kinetics of the transport-packets suggest that these may represent a neuronal organelle specialized for axonal transport of clathrin, with no role in endocytosis. To test this idea, we asked if either global inhibition of endocytosis, or specific attenuation of clathrin-dependent endocytosis, would also affect the motility of axonal transport-packets. First, we globally suppressed endocytosis in cultured neurons using Dynasore -a small-molecule inhibitor of dynamin Macia et al., 2006) . Next, we also specifically inhibited clathrin-dependent endocytosis with CHC-T7-Hub, a clathrin heavy-chain mutant known to disrupt clathrin-dependent endocytosis in a dominantnegative fashion (Bennett et al., 2001) . As reported previously in non-neuronal cells, the CHC-T7-Hub mutant attenuated receptormediated endocytosis in cultured hippocampal neurons (Supp. Fig. 2A-B) . As expected, the on/off dynamics of GFP:CLC in dendrites was essentially abolished in neurons treated with Dynasore ( Fig. 3A) , or transfected with the CHC-T7-Hub mutant (Supp. Fig. 2C-D) . Interestingly however, neither Dynasore, nor the CHC-T7-Hub mutant had any effect on the mobility of axonal clathrin transportpackets ( Fig. 3B-D) . Since the motility of individual clathrin transport-packets generate the overall anterogradely-biased flow of the axonal clathrin population (see Fig. 2E ), a prediction is (A) Kymographs of GFP:CLC dynamics from the same dendrite before and after inhibition of endocytosis (Dynasore). Note that the blinking events -reflecting endocytosis -are abolished after drug-treatment. GFP:CLC fluorescence-lifetimes are quantified on right (~ 150-250 particles from 10 neurons were analyzed; data from three separate cultures; p<0.0001) (B) Kymographs of GFP:CLC dynamics from the same axon before and after Dynasore treatment. Note that vectorial movement of clathrin transport-packets (some marked by arrowheads) continue after drug-treatment. (C) Kymographs of axonal mCherry:CLC dynamics from neurons transfected with a dominant-negative clathrin mutant (T7-Hub) that specifically interferes with clathrin-dependent endocytosis (see Supp. Fig. 2) ; or control. Note that vectorial movement of clathrin transport-packets (some marked by arrowheads) are similar in the two groups. (D) Quantification of all mCherry:CLC axonal transport data -with and without endocytosis inhibition -global or clathrin-dependent.
(~ 140-170 motile particles were analyzed from 10-12 neurons; data from 2-3 separate cultures; *p<0.01) (E) Ensemble intensity-center shift data (PAGFP:CLC slow transport assay) from neurons treated with Dynasore or co-transfected with the T7-Hub mutant. Note that inhibiting global -or clathrin-dependent -endocytosis has no effect on the slow anterograde bias of the clathrin population in axons (20-30 axons from two and four separate cultures were analyzed). (F) Kymographs of GFP:CLC dynamics from the same axon before and after treatment with 10µg/ml Nocodazole for 30 min., with quantification on right. Note that motility of the clathrin transport-packets is attenuated after drug-treatment.
that endocytosis-inhibition would not interfere with the slow transport of clathrin. Indeed, neither Dynasore nor the CHC-T7-Hub mutant had any effect on the biased transit of PAGFP:CLC in axons ( Fig. 3E) . Previous studies suggest that the slow transport of is microtubule-dependent Twelvetrees et al., 2016) . Lowlevels of the microtubule-disrupting drug Nocodazole -that completely blocks vesicle transport see Supp. Fig.  2E -also inhibited movement of clathrin transport-packets ( Fig. 3F) . Taken together, the data indicate that axonal clathrin transport-packets are unique conveyance structures that are unrelated to endocytosis.
Structure of clathrin transport packets
What do the transport-packets look like? To visualize the ultrastructure of axonal clathrin, we tagged clathrin to Apex -an engineered peroxidase that acts as an EM-tag by catalyzing the polymerization and local deposition of diaminobenzidine (DAB); subsequently recruiting electron-dense osmium for EM contrast (Martell et al., 2012) . Cultured neurons were transfected with APEX:GFP:CLC, fixed and incubated with DAB and H2O2 (see schematic in Fig. 4A and methods) . Transfected neurons were visualized by GFP fluorescence and DABstaining; dendrites and axons were identified by morphology; and the same neurons and processes were visualized by EM tomography (see Supp. Fig. 3 and methods). As expected, coated pits were readily seen in soma and dendrites (Supp. Fig. 3B ). However, axons contained intact clathrin-coated structures that were inside the axon-shaft, with no obvious association with the axonal plasma membrane, and were also frequently adjacent to microtubules, as seen by EM-tomography ( Fig. 4B-B'' ; also see 3-D view in Supp. Movies 3 and 4). Such intact clathrin-structures are surprising, given the transient nature of clathrin, and we reason that these represent transport-packets. The diameter of these clathrin-structures as determined by EM was ~ 50nm and ~125nm (spherical core and outer diameter respectively); consistent with previous cryo-EM studies of in vitro reconstituted clathrin (Heymann et al., 2013) .
We next used DNA-PAINT, a single-molecule based super-resolution microscopy method (Jungmann et al., 2014) to visualize the nanoscale organization of endogenous clathrin along axons. Axonal boundaries were determined by visualizing ß2-spectrin, a component of the submembrane periodic scaffold along axons [reviewed in ]. Unlike the tedious Apex EM-imaging process involving light/EM correlation of transfected axons, DNA-PAINT allowed us to visualize and characterize a large number (>500) of axonal clathrin structures. From 3D multicolor DNA-PAINT images of clathrin and ß2-spectrin, we generated 3Drenderings for the segmentation and measurement of axonal clathrin particles; some of which are likely to be transport-packets (Fig. 4C) . The average equivalent diameter of clathrin heavy-chain labeled packets was found to be 47 nm, consistent with the core size of the structures seen in our EM data. Interestingly, most clathrin packets seen by super-resolution-imaging were apposed to β2-spectrin, suggesting association with the submembrane actin/spectrin scaffold (see cross-sections of axons in Fig. 4C and Supp. Movie 5). Given that the majority of axonal clathrin particles are immobile at any given time, this may reflect a possible anchoring of clathrin assemblies to the periodic actin/spectrin lattice (also see data with actin/myosin-6 later).
Composition of axonal clathrin and transport mechanisms
To define the composition of axonal clathrin, we performed immunoprecipitation (IP) of clathrin from mouse sciatic axon fractions, followed by MUDPIT-MS [multidimensional protein identification technology mass spectrometry; see (Liao et al., 2008; Yates et al., 2009) ], as shown in Figure 5A . As expected, clathrin was one of the most abundant peptides isolated ( Fig. 5B-C) . A diverse group of cytosolic proteins were identified by MS, belonging to several functional groups ( Fig. 5D ; see Supp. Table 1 for full list). Network analyses revealed two interesting features. First, the axonal clathrin-interactome consisted of proteins known to disassemble clathrin coated-pits (such as Hsp70, GAK, synaptojanin), as well as proteins related to pitformation (such as dynamin, AP-complex). Second, a large group of cytoskeleton-associated proteins -including actin and myosins -were seen in the datasets (Fig. 5D) . Previous studies have suggested that axonal actin accumulations may act as a mesh for vesicles moving in fast transport (Sood et al., 2018) , and an unconventional minus-end directed myosin -myosin-6 -has also been implicated as an anchor for some axonal cargoes (Lewis et al., 2011) . Moreover, actin and clathrin have well-established anatomic and functional links in non-neuronal cells [reviewed in (Kaksonen et al., 2006) ].
Thus, we wondered if actin and myosin-6 might play a role in anchoring clathrin transport-packets in axons. Towards this, we first visualized axonal clathrin and actin using two-color live imaging. In previous studies, using a probe for filamentous actin (GFP tagged to the calponin-homology domain of utrophin, GFP:Utr-CH), we found that axon-shafts have focal "hotspots" every ~ 3-4µm along its length, where actin assembles and disassembles continuously, and that these foci serve as nidus for nucleation of actin filaments that elongate bidirectionally along the axon-shaft ["actin trails", see (Ganguly et al., 2015) ]. Interestingly, there was a striking colocalization of actin hotspots and clathrin in axons, though the actin foci were much more short-lived, as expected ( Fig. 6A-A' ; more examples in Supp. Fig. 4) . Also, disruption of myosin-6 using a dominantnegative mutant (Lewis et al., 2011) led to a marked increase in the mobility of the GFP:CLC labeled transport-packets ( Fig.  6B; quantified in Fig. 6C) . Interestingly, myosin-6 disruption did not affect either the fast transport of synaptophysin-carrying vesicles, or the axonal dynamics of synapsin (Supp Fig. 5A-D) -another slow-transport cargo Tang et al., 2013) . Correspondingly, pharmacologic or genetic inhibition of Hsc70 -known to block the biased transit of synapsin in axons of cultured neurons )had no effect on the axonal GFP:CLC motility (Supp Fig. 5E ). Thus, the data imply that the mechanistic basis for the transport of two slow-component cargoes -clathrin and synapsin -are different. Finally, disruption of either actin or myosin-6 also led to an increase in the slow anterograde-bias of the PAGFP:CLC population in axons, as determined by the intensity-center shift assay (Fig. 6D) . Collectively, the data suggest that actin and myosin-6 play a cooperative role in anchoring clathrin transport-packets along the axon -possibly contributing to its sluggish movement in slow transport.
Delivery and organization of presynaptic clathrin packets
Previous studies have demonstrated enrichment of clathrin at presynaptic boutons and terminals, though its precise function at this locale has been controversial in recent years (Chanaday et al., 2019; Watanabe et al., 2013) . While our live imaging of GFP:CLC in cultured neurons showed clathrin accumulation at boutons, we noticed that the localization was not homogenous -like classical synaptic markers -but appeared as multiple motile ('jiggling') puncta within single boutons (Fig. 7A-A' ; also see Supp. Movie 6). Also, as seen in the kymograph (Fig. 7A'') , we saw motile clathrin puncta targeting to boutons. Due to the constant mobility of the synaptic clathrin particles within micron-sized boutons -and subsequent overlapping of fluorescent puncta -we could not confidently track each particle long enough, to determine their lifetimes. However our impression was that the GFP:CLC particles did not behave like the 'blinking dots' at dendrites, but were more long-lasting like the axonal clathrin-particles (see kymograph in Fig. 7A'') . The morphology and dynamics of synaptic clathrin puncta suggest that axonal transport and subsequent presynaptic "trapping" of a discrete number of transportpackets is the basis of clathrin enrichment at boutons. We thus asked if the total fluorescence of clathrin at individual boutons was an aggregate of integer-multiples of axonal puncta/transport-packets. Overlaid histogram-distributions of GFP:CLC fluorescence intensities in axons (green) and presynapses (red) are shown in Figure 7B -top panel.
Note that while the intensities of axonal (nonsynaptic) GFP:CLC occupy a single-peak, synaptic GFP:CLC intensities are higher, and distributed as multiple peaks. Figure 7B middle panel shows predicted fluorescence peaks of synaptic clathrin as integer-multiples of the axonal GFP:CLC fluorescence intensity peak (which is assumed as 'x1'). From this quantification of presynaptic clathrin fluorescence (Fig. 7Bbottom) , single boutons are predicted to contain ~ 4-8+ clathrin-packets. are tightly clustered in a single peak (green), synaptic intensities are distributed as multiple peaks of fluorescence (red). Middle: Mean fluorescence of axonal clathrin was considered as 1x, and hypothetical integer-multiple curves were generated (fitted curves shown). Bottom: Axonal and synaptic GFP:CLC fluorescence data were overlaid with the curves shown in middle panel.
Note that data predicts that the synaptic clathrin fluorescence is composed of 4-8+ integer-multiples of axonal fluorescence (100-200 particles were analyzed from three separate cultures).
The particle-like presynaptic appearance of clathrin is somewhat surprising, considering its established role in mediating endocytosis at the plasma membrane. To clarify the spatial relationship of endogenous presynaptic clathrin to synaptic-vesicle clusters, we visualized synapses and adjacent axons at nanometer resolution in 3-D, with two-color DNA-PAINT; using antibodies to clathrin and synapsin, known to bind synapticvesicles (see methods for details). Figure 8A-A'' shows an axon from these experiments. Note that multiple clathrin particles (magenta) are seen abutting the synaptic-vesicle cluster (green). Further 3-D views (Fig. 8B) unequivocally show that the clathrin particles are circumferentially organized around the synaptic-vesicle cluster, and rarely seen deep within the cluster (also see Supp. Movie 7). Analysis of the segmented rendering data show that each presynapse contains ~ 4-12 clathrin particles (Fig.  8C) that were on average ~ 43 nm in equivalent diameter (Fig. 8D) , consistent with the size of clathrin assemblies seen in the axon-shaft (see Fig. 4 ). The morphologic similarities between the axonal and presynaptic clathrin particles suggest that they are related to transportpackets. The large number of clathrin particles visualized by DNA-PAINT (>1200 packets from >100 synapses) also allowed us to explore correlations between clathrin-packets and synaptic-vesicle clusters. Interestingly, the total volume of all clathrin-packets at a given synapse correlated with the total volume of the synaptic-vesicle cluster (Fig. 8E) , suggesting functional links between clathrin-levels and synaptic-vesicle organization. Taken together, the data suggest that motile axonal transportpackets are targeted to presynapses, where they accumulate around the synaptic vesicle cluster. The rendered view shows presynaptic clathrin puncta in magenta, non-presynaptic clathrin in grey, and synapsin in semitransparent green. Note clathrin particles abutting the presynaptic vesicle cluster. Numbers (white labels) show equivalent diameters calculated from the 3-D renderings. (B) 3D views of additional presynapses showing the XY projection of the DNA-PAINT image (left column, synapsin in green, clathrin in magenta), as well as the XY and XZ view of the segmented rendering (presynaptic clathrin packets in magenta, non-presynaptic clathrin in grey and synapsin in semi-transparent green). (C) Histogram of segmented presynaptic clathrin particles per presynapse (1261 clathrin particles from 102 synapses). (D) Overlaid histograms showing frequency distribution of presynaptic clathrin particle-diameters (n=1261 particles from 3 independent experiments), compared to clathrin particle-diameters in axon shaft (n=685 from 3 independent experiments). (E) The total volume of clathrin (cumulative of all clathrin particles) at a given bouton correlated with the total volume of synapsin.
DISCUSSION
Using live-imaging, MUDPIT-MS, Apex-labeling with EM-tomography, and 3-D super-resolution/DNA-PAINT, our experiments uncover new structural and molecular aspects of clathrin assemblies in axons and synapsesrevealing mechanistic determinants of its slow axonal transport and presynaptic targeting. Axonal clathrin assemblies (transport-packets) move infrequently and intermittently with an anterograde bias, generating an overall biased flow of clathrin in axons. Although clathrin is well-studied in the context of endocytosis, the behavior of axonal clathrin transport-packets seems unrelated to endocytosis, and they appear to be specialized organelles dedicated for transport and targeting. Discrete units of motile clathrin particles resembling transportpackets are seen at presynapses and flanking axons, suggesting targeting and trapping of transport-packets at synapses. Finally, super-resolution-imaging reveals a surprising organization of clathrin at synapses, with multiple clathrin-packets abutting the synaptic-vesicle cluster.
Clathrin Transport-Packets -a novel Carrier for Slow Axonal Transport
Mechanisms of slow axonal transport -cargoes moving for days to months along axons -are intriguing. A better understanding of cargoes moving in slow transport might bring clarity, just like visualization of vesicle-transport in the 1980's triggered insights into vesicle transport -including the discovery of kinesins (Grafstein and Forman, 1980; Maday et al., 2014) . Though pulse-chase radiolabeling studies have established that clathrin is conveyed in the slow component, the methods used could not visualize the movement, and our original motivation was to determine the cargo-structure moving clathrin in slow axonal transport. Given the known transient nature of clathrin in non-neuronal cells and dendrites, we were surprised to see long-lasting and motile axonal clathrin particles that are unrelated to endocytosis. Though previous studies in non-neuronal cells have described motile clathrin-coated intermediates in the cytoplasm (Keyel et al., 2004; Puertollano et al., 2003; Rappoport and Simon, 2003; Rappoport et al., 2003a; Rappoport et al., 2003b) , these seem different from the axonal transport-packets. First, the clathrin intermediates in non-neuronal cells are large, pleomorphic tubulovesicular aggregates (Polishchuk et al., 2006; Puertollano et al., 2003) ; different from the uniform-sized structures we see in the axon (see ultrastructure in Fig. 4 and Supp. Movies 3 and 4) . Though clathrin intermediates in non-neuronal cells can move, the clathrin is reported to "cycle on and off" -eventually fusing with early or late endosomes (Puertollano et al., 2003) -which is also different from what we see in axons. Thus, we posit that neurons may have evolved specialized mechanisms for biased slow transport of clathrin.
The motility of the clathrin transport-packets in axons is microtubule-dependent ( Fig. 3D-E) . Previous studies have shown associations between tubulin and clathrin in non-neuronal cells Pfeffer et al., 1983) . Since the instantaneous velocities of the packets resemble motor-driven cargoes, motor proteins are likely involved (dynein heavy chain and myosin-10 were seen in our MS data, besides myosin-6; see Supp. Table 1 ). Whether the motor proteins directly bind to clathrin, or some other component of the transport-packet remains to be determined, but its intriguing to note the close apposition of the clathrin "spokes" with microtubules in our EM-tomograms (see Supp. Movie 4). Our proteomics data also showed an association of clathrin with myosin-6; and further experiments suggested that the latter plays a role in anchoring clathrin particles in axons ( Figs. 5-6) . The close apposition of clathrin transport-packets and the sub-membranous actin-spectrin cytoskeleton in axons (see Fig. 4C ) also points to a link between transport-packets and actin. Although disruption of actin/myosin-6 did not eliminate the stationary clathrin particles in axons and it is likely that there are other players involved in anchoring axonal clathrin; to our knowledge this is the first insight into mechanisms that might act as physiologic tethers in any form of slow transport.
A diversity of mechanisms in Slow Axonal Transport
Cytosolic proteins moving in slow axonal transport are surprisingly diverse -proteins involved in metabolism, synaptic homeostasis, cytoskeletal proteins, endocytosis-related proteins, etc. Based on the apparently coherent migration of diverse cytosolic proteins in radiolabeling experiments, a prevailing notion in the field is that there is a unified mechanism moving all cytosolic proteins in slow axonal transport -sometimes called the "structural hypothesis" [(Garner and Lasek, 1982; Lasek et al., 1984; Tytell et al., 1981) -reviewed in (Black, 2016; Roy, 2014) ]. However, our studies in cultured neurons, visualizing and manipulating cytosolic cargoes at high resolution, suggest that mechanistic perturbations of one cargo has no effect on the dynamics of another. For instance, though inhibition of myosin-6 accelerates the dynamics of clathrin transport-packets, it has little effect on the anterogradely-biased transit of the slow-component protein synapsin (Supp. Fig. 5C-D) . Analogously, Hsc70-inhibition -that blocks the anterogradely-biased mobility of synapsin in axons, as shown in our prior study -has no effect on axonal clathrin dynamics (Supp. Fig. 5E) . Moreover, the overall morphology and transport-behavior of these two slow-component cargoes is very different. While synapsin and dynein are homogenously distributed in axons, and the anterograde transport is likely generated by a "biased flow" Tang et al., 2013; Twelvetrees et al., 2016) ; the axonal distribution of clathrin is clearly particulate, and the anterograde bias is generated by the motility of discrete particles (see Fig. 2 ). There are also significant differences in our proteomics interactome-data from synapsin-and clathrin-associated proteins; though the starting-fractions were not the same in the two studies ) and see Fig. 5 ]. The slow transport of cytoskeletal cargoes seems to employ yet different mechanisms Roy et al., 2000; Wang et al., 2000) ; and its highly unlikely that the structural hypothesis, as originally stated, is a valid model of slow transport. Nevertheless, an emerging theme is that cohorts of functionally related cytosolic proteins -for instance "synaptic" or "endocytic" groups -might be co-transported as multiprotein complexes, so they can function together; a topic for future studies.
Dynamics and Organization of Clathrin at presynapses
The distribution of clathrin at synapses was not homogenous but appeared as multiple motile puncta, moving within individual boutons and flanking axons (Fig. 7) . Clathrin puncta frequently moved between multiple adjacent boutons (Fig. 7) , reminiscent of mobile synaptic-like vesicles that also do the same (Darcy et al., 2006) . Synapses contained a discrete number of clathrin-assemblies resembling transport-packets, suggesting that the latter were trapped and retained at boutons. Our DNA-PAINT data -staining endogenous synaptic proteinsreveal a striking pattern with multiple clathrin puncta around the synaptic-vesicle cluster, with clathrin particles extending into flanking axons (Fig. 8) . Though previous EM studies of synapses have seen intact clathrin-coated vesicles (Tao-Cheng, 2020), the abundance and organization of clathrin-assemblies seen in our experiments is surprising. Presumably the 3-D views, with high-resolution and signal-to-noise ratio of DNA-PAINT allowed us to pinpoint the clathrin-packets, which may have been hard to discern in conventional 2D EM from thin-sections. Finally, it seems likely that the radial organization of clathrin around synaptic-vesicle clusters has functional implications. Indeed in addition to the classic model of clathrin-mediated endocytic retrieval of synaptic vesicles (Heuser and Reese, 1973) , clathrin-independent modes are being increasingly recognized as important players (Chanaday and Kavalali, 2018; Farsi et al., 2018; Soykan et al., 2017; Watanabe et al., 2013) ; and perhaps a better understanding of the spatial organization of endocytic proteins will bring some clarity.
